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HIGHLIGHTS 


•  Porous  Pt  layer  was  formed  on  a  Si  substrate  using  anodized  porous  Si. 

•  Miniature  fuel  cell  was  build  using  the  porous  Pt  as  a  catalyst. 

•  Residual  porous  Si  layer  was  observed  on  the  porous  Pt  catalyst  layer  and  could  not  be  removed  by  additional  etching. 

•  Process  condition  was  optimized  to  reduce  the  residual  porous  Si. 

•  Highest  power  density  of  450  mW  cm  2  comparable  to  large  scale  fuel  cells  was  obtained  by  a  cell  having  least  residual  porous  Si. 
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Higher  performance  was  obtained  in  our  miniature  fuel  cells  by  reducing  the  residual  porous  Si  on 
catalyst  layers.  We  have  developed  a  miniature  polymer  electrolyte  fuel  cell  by  forming  monolithic  Si 
electrodes  with  MEMS  techniques,  in  which  a  catalyst  layer  was  synthesized  on  a  Si  chip  by  modifying 
porous  Si  to  porous  Pt  by  a  wet  plating  process.  As  a  result  of  technical  limitations  in  the  fabrication 
process,  porous  Si  was  left  on  the  porous  Pt  catalyst  layer.  The  residual  porous  Si  was  intended  to  lower 
the  fuel  cell  performance  by  blocking  reactant  gas  supply,  and  the  effect  of  the  residual  porous  Si  on  fuel 
cell  performance  was  studied.  The  anodization  conditions  for  porous  Si  formation  were  varied,  and 
several  prototype  fuel  cells  were  prepared  with  residual  porous  Si  of  different  thickness.  It  was  confirmed 
that  a  thick  residual  porous  Si  layer  reduced  cell  performance,  and  high  power  density  comparable  to 
conventional  large  scale  fuel  cells  was  obtained  with  the  least  residual  porous  Si. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  developed  for  local  energy  supply  to  homes 
or  vehicles,  because  high  efficiency  is  expected  even  in  such  a  small 
scale  system  and  low  temperature.  Home  use  fuel  cells  are  now 
available  commercially,  and  fuel  cell  vehicles  are  about  to  go  into 
mass  production.  Portable  electronic  devices  now  demand  higher 
performance  power  sources.  Presently,  lithium  ion  batteries  have 
met  the  demand  for  use  in  those  small  scale  devices,  and  extensive 
studies  about  lithium  ion  batteries  have  been  published.  Miniature 
fuel  cells  are  also  attractive  as  power  sources  for  these  devices, 
especially  for  their  high  energy  density  and  quick  recharge 
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potential.  Some  products,  such  as  Toshiba  Dynario™,  had  been  also 
sold,  but  they  did  not  achieve  commercial  success.  Further  minia¬ 
turization  will  be  needed  to  meet  commercial  demand  however. 

Micro  electromechanical  systems  (MEMS)  fabrication  technol¬ 
ogy  is  an  important  tool  in  miniaturizing  fuel  cell  structure,  and  is 
well  suited  to  mass  production.  Several  miniature  fuel  cell  pro¬ 
totypes  have  been  reported  using  MEMS  techniques  [1—17]  Most  of 
them  are  of  polymer  electrolyte  membrane  (PEM)  type,  in  which 
catalyst  layers  were  put  on  both  sides  of  the  PEM.  For  example, 
Kelley  et  al.  fabricated  a  direct  methanol  fuel  cell  (DFMC)  with  Si 
catalyst  layer  supporters,  and  demonstrated  that  the  resulting 
miniaturized  DMFC  has  almost  the  same  performance  as  state-of- 
the-art  fuel  cells  having  conventional  structure  [1  .  Novel  electro¬ 
lyte  concepts  have  also  been  explored  [13,14,16],  and  chemically 
modified  porous  Si  shows  promising  results  [16].  Most  studies 
involve  conventional  catalyst  layers,  which  consist  of  carbon  black 
with  catalyst  metal  particles.  MEMS  techniques  are  generally 
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applied  on  monolithic  structures,  and  treatment  using  powders 
such  as  carbon  black  is  not  appropriate.  Kuriyama  et  al.  have  pro¬ 
posed  a  novel  catalyst  layer  structure  using  carbon  nanotubes 
grown  on  a  Si  chip,  but  the  performance  was  not  comparable  to 
conventional  powder  based  catalyst.  Recently,  miniaturization  of  a 
solid  oxide  fuel  cell  (SOFC)  has  been  proposed  by  Prinz  et  al.  17].  A 
MEMS  structure  with  thin  film  solid  oxide  electrolyte  and  catalyst 
layer  was  realized.  High  output  was  demonstrated,  and  several 
research  groups  are  now  studying  the  concept  [17-20  ,  although 
there  are  difficulties  in  high  temperature  treatment  and  catalyst 
durability. 

We  also  have  proposed  a  miniature  polymer  electrolyte  fuel  cell 
(PEFC)  design,  using  monolithic  Si  based  electrodes  [21  .  We 
recently  found  that  a  porous  Pt  layer  can  be  obtained  by  immersing 
high-porosity  porous  Si  into  a  Pt  plating  bath  containing  HF  22].  X- 
ray  energy  dispersive  spectroscopy  (EDS)  analysis  revealed  that  the 
porous  layer  consists  mostly  of  Pt;  little  signal  from  Si  was 
observed.  Using  the  porous  Pt  layer  as  catalyst  and  an  etch-stop 
layer,  fuel  channels  were  opened  by  dry  etching  on  the  Si  elec¬ 
trodes.  Two  Si  electrodes  were  combined  with  a  PEM  sheet  and 
230  pm  thick  prototype  cells  were  constructed.  A  high  output  of 
145  mW  cm”2  for  MEMS  based  fuel  cells  was  demonstrated  by  a 
prototype  cell.  High  power  density  beyond  conventional  fuel  cells  is 
expected  by  stacking  cells  using  the  thin  feature.  But  performance 
has  still  been  poorer  than  conventional  large  scale  fuel  cells  and 
varied  from  cell  to  cell.  It  was  difficult  to  set  up  a  practical  reaction 
area,  around  1  cm2,  while  maintaining  the  power  density.  These 
difficulties  must  be  solved. 

It  is  often  observed  that  porous  Si  remains  on  the  hexagonal  fuel 
channel  bottoms,  as  shown  in  Fig.  1.  We  suppose  that  some  porous 
Si  is  needed  at  the  interface  between  the  porous  Pt  and  bulk 


Fig.  1.  Overview  of  our  miniature  fuel  cell.  Two  monolithic  Si  electrode  chips  and  a 
PEM  sheet  were  combined.  Lower  SEM  image  is  a  perspective  view  of  the  cleaved  Si 
electrode  chip.  Fuel  channels  were  opened  by  RIE  with  copper  mask.  Rough  products, 
which  we  call  “residual  porous  Si  layer”,  were  frequently  observed  on  channel  bot¬ 
toms.  Simple  hexagonal  openings  were  used  in  this  study.  Fuel  supply  trenches  will  be 
formed  on  the  Si  chip  and  openings  will  be  connected,  and  chip  stack  is  planned. 


crystalline  Si  in  order  to  preserve  the  porous  Pt  layer  on  the  chip. 
But  we  suspect  that  the  residual  porous  Si  on  the  fuel  channel 
bottoms  impairs  cell  performance  by  blocking  fuel  supply  to  the 
catalyst  layer,  and  this  might  explain  the  performance  instability. 
Higher  output  power  may  also  be  expected  by  eliminating  the 
obstruction  for  the  fuel  supply.  The  porous  Si  layer  is  formed  by 
anodization  in  a  HF  solution.  Adjustment  of  the  porous  Si  layer 
thickness  on  the  scale  is  not  easy,  because  the  rate  of  formation 
of  anodized  porous  Si  layer  is  sensitive  to  the  concentration  of 
impurities  [23],  which  varies  even  in  an  identical  Si  wafer  lot,  and 
we  have  not  concentrated  on  precise  control  of  the  porous  Si  layer 
thickness.  In  this  study,  therefore,  the  fabrication  process  was 
optimized  to  reduce  the  residual  porous  Si,  and  the  effect  of  the 
residual  porous  Si  is  discussed. 

2.  Experimental 

2.1.  A  miniature  fuel  cell 

The  fabrication  process  of  the  miniature  fuel  cells  is  detailed  in 
previous  reports  [21,22  .  Fig.  2  shows  the  fabrication  procedure  for 
the  monolithic  electrode.  The  porous  Pt  layer,  which  works  as  a 
catalyst  layer,  is  formed  on  a  Si  wafer.  After  the  porous  Pt  catalyst 
layer  has  formed,  reactive  ion  etching  (RIE)  is  applied  and  fuel 
channels  are  opened.  A  PEM  sheet  is  hot-pressed  with  two  Si 
electrodes,  and  production  of  a  fuel  cell  is  then  completed.  The  Si 
wafer  is  about  110  pm  thick,  and  the  total  thickness  of  a  cell  is  about 
230  pm.  The  experimental  conditions  of  each  process  are  as  follows. 

2.2.  Catalyst  layer  formation 

Formation  of  the  catalyst  layer  involves  two  processes,  namely 
anodization  of  crystalline  Si  and  Pt  plating.  Apparatus  and  proce¬ 
dure  identical  to  the  previous  study  [21,22  were  used  in  the  for¬ 
mation  of  the  catalyst  layer,  fable  1  shows  the  conditions  for  the 
process,  which  are  determined  by  trial  and  error.  All  processes  were 
performed  in  a  refrigerated  chamber.  Single  crystalline  Si  wafers 
were  cut  into  15  mm  square  chips  by  a  blade  dicing  machine,  and 
these  chips  were  used  as  specimens.  Porous  Si  was  formed  by 
anodization  of  a  crystalline  Si  chip  in  a  concentrated  HF  solution. 
Based  on  the  previous  work,  we  chose  a  current  modulation  in 
which  the  anodization  current  was  reduced  linearly  from  60  to 
0  mA  cm-2  over  1380  s.  Although  the  thickness  of  the  resulting 
porous  Si  layer  was  excessive  with  these  conditions,  they  ensure 
the  mechanical  strength  of  the  chip.  In  the  present  work,  this 
current  modulation  was  changed  slightly.  After  the  anodization,  the 
porous  Si  layers  were  rinsed  with  acetone  to  prevent  oxidation  by 
water.  Immediately  after  acetone  rinsing,  immersion  plating  was 
performed  for  15  min. 

2.3.  Reactive  ion  etching 

A  conventional  parallel  plate  reactive  ion  etching  (RIE)  system 
(Samco  RIE-10N,  Japan)  was  used,  and  18  seem  of  SF6  and  4  seem  of 
O2  gas  were  supplied  for  etching  of  the  Si  wafer.  The  back  side  of  the 
porous  Pt  layer,  in  which  the  bulk  Si  layer  remained,  was  etched, 
and  channels  for  gas  supply  were  formed.  In  the  RIE  process,  a 
porous  Pt  layer  is  intended  to  act  as  a  stopping  layer  of  the  etching, 
because  the  etching  rate  is  low  at  the  porous  metal  layer.  To  create 
gas  supply  channels  to  the  catalyst  layer,  an  array  of  holes  was 
etched.  RIE  was  interrupted  a  few  times  so  that  the  specimen  could 
be  observed  by  optical  microscope  to  verify  that  the  bottoms 
reached  the  porous  layer.  The  residual  porous  Si  layer  after  the  RIE 
process  was  observed  by  a  scanning  electron  microscope  (JEOL 
JCM-5100,  Japan).  Elemental  analysis  and  high  resolutional 
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1.  Sputter  deposited  Cu  patterning 


2.  Porous  Si  formation  by  anodization 


3.  Porous  Pt  formation  by  immersion  plating 
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Fig.  2.  Schematic  view  of  the  monolithic  Si  electrode  fabrication  procedure.  1.  Sputter 
deposited  copper  film  was  pattened  by  conventional  photolithography  and  wet 
etching.  The  copper  film  works  as  a  mask  for  plasma  etching  and  also  as  an  electrical 
contact  at  anodization  and  power  generation  tests.  2.  Porous  Si  is  formed  by  anod¬ 
ization  in  a  HF  solution.  The  Si  chip  is  placed  in  a  fluorocarbon  resin  vessel  and 
opposite  side  of  copper  film  faces  to  the  HF  solution.  3.  After  anodization,  the  HF  so¬ 
lution  is  replaced  to  the  Pt  plating  solution,  and  the  porous  Pt  layer  is  formed.  4.  Plasma 
etching  is  applied  on  the  copper  film  side,  and  fuel  channel  to  the  catalyst  layer  are 
made.  Two  electrode  chips  are  combined  with  a  PEM  sheet  and  a  prototype  cell  is 
made. 


Fig.  4.  Elemental  analysis  of  the  porous  layers  by  EDS.  A  cross  section  of  the  cleaved 
chip  was  analyzed.  The  red  line  shows  the  spectrum  at  the  residual  porous  Si  layer,  and 
the  black  line  shows  the  spectrum  at  the  porous  Pt  layer.  (For  interpretation  of  the 
references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
this  article.) 


observation  were  carried  out  by  a  further  scanning  electron  mi¬ 
croscope  (Hitachi  S-4200,  Japan)  equipped  with  an  energy  disper¬ 
sive  X-ray  spectroscopy  (EDS)  system  (EDAX,  Mahwah,  NJ). 

2.4.  Prototype  assembly  and  power  generation 

Two  Si  electrodes  were  hot-pressed  onto  either  side  of  a  poly¬ 
mer  electrolyte  membrane  (PEM)  at  373  I<  and  0.09  MPa  for  30  min, 
and  a  prototype  cell  was  constructed.  The  fuel  channel  holes  were 
patterned  in  a  rectangle  of  side  1  mm  x  4  mm.  As  the  etching  mask, 


Table  1 

Conditions  for  fabrication  of  the  porous  Pt  layer. 


Property  of 

Crystal 

(100) 

Si  substrate 

orientation 

Doping  type 

N  (As  doped) 

Resistivity 

0.001-0.003  Q  cm 

Anodization 

Composition 
of  solution 

Water:HF(46%):Ethanol  =  5:3:2  (wt.) 

Pt  immersion 

Composition 

20  mM  H2PtCl6  +  1  M  H2S04  +  450  mM  HF 

plating 

of  solution 

Plating  time 

15  min 

Temperature 

283  K 

CM 

i 


Fig.  5.  Current  density  modulations  used  in  the  anodization  of  crystalline  Si.  (A)  Was 
the  conventional  modulation  determined  by  trial  and  error  in  the  previous  study.  (B) 
and  (C)  Were  tested  to  obtain  less  residual  porous  Si  layer. 


(A)  100  min  etching 


i.  *  m  m  ill  w 

(B)  120  min  etching  (C)  160  min  etching 


Fig.  3.  Effect  of  additional  etching  on  the  residual  porous  Si  layer.  The  residual  layer  on  the  channel  bottoms  was  observed  by  SEM.  (A)  After  100  min  etching,  (B)  after  additional 
20  min  (total  120  min)  etching,  and  (C)  after  a  further  40  min  (total  160  min)  etching.  All  images  were  taken  on  the  ame  chip. 
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Condition  A  Condition  B  Condition  C 


Fig.  6.  Cross-sections  of  the  porous  Si  layers  obtained  by  three  different  anodization  current  modulations. 


Condition  A  Condition  B  Condition  C 

Fig.  7.  Cross  sections  of  the  porous  Pt  layers  after  Pt  immersion  plating.  An  identical  plating  process  was  applied  to  the  three  porous  Si  layers  of  differeing  thickness  prepared  by  the 
three  current  modulations. 


regular  hexagonal  openings  of  side  length  100  pm  were  arrayed 
with  100  pm  gap.  The  PEM  used  in  the  prototypes  was  a  SF-150 
(Toagosei  Co.  Ltd.,  Japan).  The  membrane  is  a  pore-filling  electro¬ 
lyte  membrane,  and  was  used  to  protect  the  porous  Pt  layers  from 
destruction  by  membrane  swelling  in  humidified  conditions. 
Nation  solution  (DE520,  Wako  Chemicals)  diluted  by  1.7%  with 
isopropyl  alcohol  was  used  as  an  adhesive  in  the  assembly  process. 

The  prototype  cells  were  put  in  an  aluminum  casing,  and  8  seem 
of  hydrogen  gas  and  4  seem  of  oxygen  gas  were  fed  into  the  cells  in 
a  temperature-controllable  chamber  at  313  K.  The  hydrogen  gas 
was  humidified  by  bubbling  through  a  water  containing  tank  which 
was  heated  to  the  testing  temperature.  Oxygen  was  supplied  as  dry 
gas.  The  cell  potential  was  scanned  at  2  mV  s-1  using  a  potentiostat 
(Hokuto-Denko  HABF5001,  Japan)  controlled  by  a  computer 
running  our  own  data  acquisition  software. 

3.  Results  and  disucssion 

3.2.  Effect  of  excess  etching  time  on  the  residual  porous  Si  layer 

We  know  empirically  that  porous  Si  can  be  etched  by  RIE 
much  more  quickly  than  crystalline  Si.  The  residual  porous  Si 


layer  can  therefore  presumably  be  removed  by  expanding  the 
etching  time.  Fig.  3  shows  the  bottom  of  the  fuel  channel  after 
the  RIE  process.  On  the  specimen  Si  chip,  a  porous  Si  layer  about 
20  pm  thick  was  prepared  by  anodization,  and  a  porous  Pt  layer 
about  10  pm  thick  was  formed.  Fig.  3(a)  shows  the  channel 
bottom  when  the  porous  layer  began  to  appear  after  100  min  of 
the  RIE  process.  The  etching  depth  was  about  90  pm.  Bulk  crys¬ 
talline  Si  islands  were  still  observed.  Fig.  3(b)  &  (c)  show  the 
bottom  with  20  and  60  min  additional  etching  after  the  porous 
layer  appeared.  Bulk  Si  islands  were  all  etched  away  by  the 
additional  etching.  In  Fig.  3(b)  &  (c),  however  there  were  still 
porous  or  fiber  bundle-like  residual  layers  on  the  bottom.  There 
were  no  obvious  differences  between  Fig.  3(b)  and  (c).  The  re¬ 
sidual  layer  had  high  resistivity  to  RIE,  and  it  was  difficult  to 
remove  the  residual  layer  by  further  etching. 

Fig.  4  shows  EDS  spectra  of  the  porous  layer.  The  spectra  were 
normalized  using  Pt  peaks.  The  residual  porous  Si  region  (red  line) 
and  porous  Pt  region  (blue  line)  (in  web  version)  were  analyzed. 
Although  a  Pt  deposit  was  scarcely  observed  on  the  residual  porous 
Si  region  according  to  SEM  observation,  an  obvious  Pt  signal  was 
detected  in  the  residual  layer.  In  the  porous  Pt  region  it  was 
reconfirmed  that  the  Si  signal  is  very  small.  Pt  is  deposited  in  the 
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Fig.  8.  EDS  elemental  analyses  of  several  points  on  the  cross-section  of  cleaved  chips.  Quantitative  analysis  mode  of  the  EDAX  accessory  software  was  used  with  default  setting,  and 
two  elements  (Pt  and  Si)  were  quantified. 


residual  porous  Si  layer,  and  this  Pt  deposit  causes  the  high  re¬ 
sistivity  of  the  residual  layer  to  RIE. 

3.2.  Adjustment  of  porous  Si  layer  thickness 

Additional  etching  proved  unable  to  remove  the  residual  porous 
Si  layer.  The  thickness  of  the  porous  Si  layer  was  optimized  to 
reduce  the  residual  porous  Si  layer  by  adjusting  the  anodization 
current.  The  thickness  of  the  porous  Si  layer  is  in  general  not  pro¬ 
portional  to  the  applied  charge  even  if  the  constant  current  density 
was  applied,  because  the  concentration  of  hydrofluoric  acid  and 
other  components  at  the  pore  tip  changes  as  the  porous  layer 
grows.  Moreovers,  porous  Si  formation  by  anodization  is  sensitive 
to  the  doping  concentration  of  the  Si  wafer.  The  anodization  current 
was  therefore  determined  empirically.  To  ensure  adequate  repro¬ 
ducibility  in  this  work,  the  15  mm  square  Si  chips  used  in  the  ex¬ 
periments  were  cut  from  two  wafers  selected  from  the  ten  wafers. 

Three  anodization  conditions  (A-C)  shown  in  Fig.  5  were  tested. 
The  applied  charges  in  conditions  A-C  were  respectively  41.4,  34.1, 
and  24.6C  cm-2.  Cross-sectional  SEM  images  after  anodization  are 
shown  in  Fig.  6.  The  thickness  of  the  porous  Si  layer  was  reduced  by 
shortening  the  anodization  time.  The  resulting  thicknesses  of  the 
porous  Si  layers  under  conditions  A-C  were  25,  20,  and  13  pm 
respectively.  As  usual,  the  porous  layer  thickness  was  not  propor¬ 
tional  to  the  applied  charge. 

Immersion  plating  was  performed  on  the  chips  prepared  under 
the  above  conditions.  Fig.  7  shows  cross-sectional  SEM  images  after 
the  immersion  plating.  Almost  no  porous  Si  layer  was  observed  on  a 


chip  prepared  under  condition  C,  but  a  thick  porous  Si  layer 
remained  in  conditions  A  and  B.  EDS  elemental  analyses  were 
performed  at  several  points  on  the  cross-section,  and  the  results  are 
shown  in  Fig.  8.  The  atomic  percentages  shown  in  the  figures  were 
estimated  by  the  EDS  accessory  software  (EDAX  Genesis)  with 
default  setting,  and  were  not  calibrated  values.  It  was  found  that  Pt 
deposition  had  penetrated  into  the  residual  porous  Si  layer. 

Finally,  RIE  was  applied  and  the  resulting  through-chip  porous 
catalyst  area  was  observed.  Fig.  9  shows  cross-sections  and  inclined 
views  of  the  channel  bottoms.  It  was  found  that  the  residual  porous 
Si  layer  was  successfully  reduced  by  shortening  the  anodization 
time.  Almost  no  residual  porous  Si  layer  was  observed  with  con¬ 
dition  C,  and  there  was  no  severe  destruction  of  the  porous  Pt 
structure  as  shown  in  Figs.  9  and  10.  Several  micro-cracks  were 
observed  on  the  channel  bottom,  but  they  did  not  appear  to 
penetrate  deeply. 

3.3.  Cell  performance 

Three  different  thick  residual  porous  Si  layers  were  prepared, 
and  the  effect  of  the  residual  porous  Si  layer  on  the  fuel  cell  per¬ 
formance  was  examined.  More  than  three  prototypes  were  pre¬ 
pared  with  three  conditions  A-C  in  order  to  examine  the 
reproducibility  of  the  cell  fabrication  process.  Typical  polarization 
curves  are  shown  in  Fig.  11.  The  current  density  was  calculated 
assuming  that  the  reaction  area  was  1x4  mm2.  It  was  found  that 
cell  performance  was  improved  by  reducing  the  residual  porous  Si 
layer,  and  highest  performance  was  obtained  in  the  cell  with  almost 
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(a) 


Condition  A  Condition  B  Condition  C 


Fig.  9.  Through-chip  porous  areas  after  the  RIE  process  were  observed  by  SEM.  (a)  Si  chips  were  cleaved,  and  cross-sections  were  observed  by  setting  the  chips  perpendicular  to  the 
microscope  stage,  (b)  The  bottoms  of  the  opened  fuel  channels  were  observed  by  inclining  the  Si  chips. 


no  residual  layer.  The  maximum  power  density  was  450  mW  cm  , 
which  is  much  larger  than  in  our  previous  report,  of  145  mW  cm-2. 
As  expected,  the  residual  porous  Si  layer  has  negative  impact  on  the 
fuel  cell  performance.  The  polarization  curve  of  the  condition  C 
exhibited  a  significant  voltage  drop  around  1  A  cm-2.  This  was 
probably  due  to  water  flooding  in  the  catalyst  layer.  Conventional 
PEFC  does  not  generally  show  such  a  steep  drop  when  pure  oxygen 


Fig.  10.  Wide  image  of  the  monolithic  Si  electrode  with  almost  no  residual  porous  Si 
layer. 


is  supplied  to  cathode.  The  fuel  channels  of  our  miniature  fuel  cell 
were  just  holes  at  this  point,  because  a  simple  fabrication  process 
was  preferred  with  a  small  through  chip  porous  area  to  maintain 
mechanical  strength.  It  was  supposed  that  accumulated  water 
trapped  and  formed  a  water  film  on  the  channel  bottoms,  because 


Fig.  11.  Polarization  curves  of  the  prototypes  built  by  the  three  different  anodization 
conditions.  The  best  results  under  each  condition  were  shown. 
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Fig.  12.  Peak  output  power  densities  obtained  of  several  prototypes  prepared  under 
the  three  conditions.  Error  bars  show  the  maximum  and  minimum  peak  power. 

no  appropriate  water  drainage  paths  existed.  Efficient  channel 
patterns  should  be  studied  systematically. 

Fig.  12  is  a  summary  of  the  power  generation  tests.  The 
maximum  output  power  is  shown  for  the  three  fabrication  condi¬ 
tions.  Error  bars  show  the  maximum  and  minimum  outputs  ob¬ 
tained  by  prototypes  prepared  under  identical  process  conditions. 
Higher  performance  is  obtained  with  less  residual  porous  Si  layer, 
but  the  performance  still  varied  considerably  even  with  no  residual 
porous  Si  layer. 

Several  cells  with  smaller  reaction  area  of  1  x  1  mm2  were 
preliminarily  tested  for  reference.  Because  the  selected  two  Si 
wafers  were  used  in  the  above  experiments,  those  cells  were  pro¬ 
duced  from  other  Si  wafers,  and  process  condition  was  slightly 
modulated  empirically  from  the  condition  C  so  that  almost  no  re¬ 
sidual  porous  Si  layer  was  observed  by  optical  microscope.  Power 
generation  tests  showed  large  output  variations  from  100  to 
550  mW  cm-2.  It  was  confirmed  that  high  power  density  was 
available  by  our  fuel  cell  structure  when  the  fabrication  was  carried 
out  somehow  properly,  but  the  variation  suggested  that  significant 
spatial  nonuniformity  in  performance  is  inevitable  in  larger  reac¬ 
tion  area.  These  findings  imply  that  there  is  a  further  unidentified 
factor  in  the  fabrication  process  which  is  responsible  for  the  per¬ 
formance  instability. 

4.  Conclusion 

The  effect  of  the  residual  porous  Si  layer  appearing  on  the 
channel  bottom  was  investigated.  It  was  found  that  Pt  was  depos¬ 
ited  inside  the  residual  porous  Si  layer,  although  we  could  not  find 
any  Pt  by  SEM  observation.  Due  presumably  to  the  Pt  deposition, 
the  residual  porous  Si  layer  has  high  resistivity  to  RIE,  and  further 
etching  did  not  remove  the  residual  layer.  Reduction  of  the  residual 
porous  Si  layer  was  attempted  by  adjusting  the  thickness  of  the 
porous  Si  layer  in  the  anodization  process  of  the  crystalline  Si.  As 


the  result,  a  catalyst  layer  with  almost  no  residual  porous  Si  layer 
was  obtained.  Prototype  fuel  cells  were  prepared  under  three 
different  conditions.  It  was  confirmed  that  the  residual  porous  Si 
layer  had  a  negative  effect  on  performance,  and  a  cell  having  no 
residual  layer  demonstrated  a  power  density  comparable  to  large 
scale  fuel  cells.  Although  satisfying  power  density  was  achieved, 
prototype  cells  made  under  the  identical  conditions  still  exhibited 
large  variation  in  performance,  implying  that  other  factors  as  well 
as  the  residual  porous  Si  layer  influence  the  performance  insta¬ 
bility.  Flooding  of  the  accumulated  water  is  proposed.  A  further 
study  will  be  undertaken  to  determine  the  factors  governing  the 
instability,  and  expansion  of  reaction  area  and  water  drainage  will 
also  be  studied. 
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